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(57) ABSTRACT 


Disclosed herein are improved methods for fabricating bio- 
printed, three-dimensional, biological tissues. The methods 
relate to exposures to low temperatures, incubations at low 
temperatures of various durations, and fabrication in envi- 
ronments without structural cross-linking treatments. 
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Fig. 11 
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IMPROVED METHODS FOR TISSUE 
FABRICATION 


BACKGROUND OF THE INVENTION 


[0001] Tissue engineering and regenerative medicine is a 
field with great promise from both a therapeutic and a 
research standpoint. Engineered tissues are at the center of 
many different avenues of tissue engineering research. 
Methods that can improve the fabrication and formation of 
these tissues, can also improve their function both in vitro 
and in vivo, and are needed in order to facilitate the 
advancement of this field. 


SUMMARY OF THE INVENTION 


[0002] While tissue engineering holds great potential for 
mankind, many problems must be overcome before the full 
extent of these advantages can be realized. One of the 
problems in tissue engineering is achieving and maintaining 
compartmentalization of cell types within a tissue. While 
bioprinting overcomes some of those challenges in the initial 
fabrication step, new methods are needed that are broadly 
applicable and support achievement and maintenance of 
cellular compartments post fabrication without compromis- 
ing cell viability and function. For example, one way to 
induce compartmentalization is to utilize calcium-cross- 
linked hydrogels as a component of bio-ink. Disadvantages 
of this method are that very high concentrations of divalent 
cross-linking compounds such as calcium ions can nega- 
tively impact viability in the tissue, and removal of the 
hydrogel components requires treatment with enzymes or 
chemicals that may further damage the cells. Therefore, a 
method of compartmentalized tissue fabrication has been 
developed that can be applied broadly and maintains cellular 
compartments and avoids ionic cross-linkers and enzymatic 
hydrogel removal post-fabrication. In certain aspects, this 
disclosure allows for the fabrication of engineered tissues 
without the necessity of cross-linking for tissue formation. 
[0003] Disclosed herein are methods that improve the 
viability of bioprinted tissues, and more quickly facilitate 
formation of tissue geometries, improve tissue uniformity 
and enhance and maintain compartmentalization post fabri- 
cation as required for the tissues to be used in research and 
therapeutic applications. These methods consist of a “hypo- 
thermic hold” or exposure after bioprinting, followed by a 
maturation or incubation at a temperature below 37° C. This 
allows for elimination of a cross-linking step improving 
subsequent tissue morphology, cell viability, and differen- 
tiation as assayed by gene expression as shown in FIGS. 11, 
16, and 17 respectively. 

[0004] Described herein is a method of fabricating a 
three-dimensional, engineered, biological tissue, the method 
comprising: preparing a bio-ink comprising living cells; 
depositing the bio-ink onto a surface by extrusion bioprint- 
ing; incubating the bio-ink at a temperature of greater than 
or equal to 18° C., but less than 37° C.; wherein the bio-ink 
is not exposed to any ionic, chemical, photo or physical 
cross-linker during the incubation at a temperature of greater 
than or equal to 18° C., but less than 37° C. In certain 
embodiments, apoptosis in a bioprinted tissue is reduced by 
fabrication using said method, in comparison to an engi- 
neered tissue not fabricated by said method. In certain 
embodiments, the method further comprises exposing the 
bio-ink to a hypothermic hold of greater than or equal to 2° 
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C., but less than 10° C. during or after bioprinting. In certain 
embodiments, the bio-ink is not exposed to any ionic, 
chemical, photo or physical cross-linker during the hypo- 
thermic hold of greater than or equal to 2° C., but less than 
10° C. during or after bioprinting. In certain embodiments, 
apoptosis in a bioprinted tissue is reduced by fabrication 
using said method, in comparison to an engineered tissue not 
fabricated by said method. In certain embodiments, the 
bio-ink further comprises a test substance, the test substance 
a substance under evaluation for its ability to elicit a change 
in a tissue compared to a tissue not treated with said 
substance. In certain embodiments, the bio-ink is not depos- 
ited by aerosol spray technology. In certain embodiments, 
the bio-ink consists essentially of a single human cell-type. 


[0005] Also described herein is a method of fabricating a 
three-dimensional, engineered, biological tissue, the method 
comprising: preparing a plurality of bio-inks comprising 
living cells; depositing a first bio-ink onto a surface by 
extrusion bioprinting; incubating the first bio-ink at a tem- 
perature of greater than or equal to 18° C., but less than 37° 
C.; depositing a second bio-ink onto a surface by extrusion 
bioprinting; and incubating the plurality of bio-inks at a 
temperature of greater than or equal to 18° C., but less than 
37° C.; wherein the bio-ink is not exposed to any ionic, 
chemical, photo or physical cross-linker during the exposure 
of the first bio-ink, the second bio ink, or both bio-inks at a 
temperature of greater than or equal to 18° C., but less than 
37° C. In certain embodiments, apoptosis in a bioprinted 
tissue is reduced by fabrication using said method, in 
comparison to an engineered tissue not fabricated by said 
method. In certain embodiments the method further com- 
prises exposing the first bio-ink, the second bio-ink, or both 
bio-inks to a temperature of greater than or equal to 2° C., 
but less than 10° C. during or after bioprinting. In certain 
embodiments, the bio-ink is not exposed to any ionic, 
chemical, photo or physical cross-linker during the hypo- 
thermic hold of greater than or equal to 2° C., but less than 
10° C. during or after bioprinting. In certain embodiments, 
apoptosis in a bioprinted tissue is reduced by fabrication 
using said method, in comparison to an engineered tissue not 
fabricated by said method. In certain embodiments, at least 
one of the first or second bio-inks or both bio-inks comprise 
a test substance, wherein the test substance is a substance 
under evaluation for its ability to elicit a change in a tissue 
compared to a tissue not treated with said substance. In 
certain embodiments, the first or second bio-ink is not 
deposited by aerosol spray technology. 


[0006] Also described herein is a three-dimensional, engi- 
neered, biological tissue, the tissue engineered by: preparing 
a bio-ink comprising living cells; depositing the bio-ink onto 
a surface by extrusion bioprinting; incubating the bio-ink at 
a temperature of greater than or equal to 18° C., but less than 
37° C.; not exposing the tissue to any ionic, chemical, photo 
or physical cross-linker during the incubation at a tempera- 
ture of greater than or equal to 18° C., but less than 37° C.; 
and wherein the tissue exhibits lower levels of apoptosis 
than a tissue that has been incubated at 37° C. or above. In 
certain embodiments, the bio-ink is exposed to a tempera- 
ture of greater than or equal to 2° C., but less than 10° C. 
during or after bioprinting. In certain embodiments, the 
bio-ink was not exposed to any ionic, chemical, photo or 
physical cross-linker during the hypothermic hold of greater 
than or equal to 2° C., but less than 10° C. during or after 
bioprinting. In certain embodiments, the bio-ink further 
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comprises a test substance, wherein a test substance is a 
substance under evaluation for its ability to elicit a change 
in a tissue compared to a tissue not treated with said 
substance. In certain embodiments, the bio-ink was not 
deposited by aerosol spray technology. In certain embodi- 
ments, the bio-ink consists essentially of a single human cell 
type. In certain embodiments, the tissue has no perfusable 
vasculature. In certain embodiments, the tissue consists 
essentially of a single human cell-type. 

[0007] Also described herein is a three-dimensional, engi- 
neered, biological tissue, the tissue engineered by: preparing 
a plurality of bio-inks comprising living cells; depositing a 
first bio-ink onto a surface by extrusion bioprinting; incu- 
bating the first bio-ink at a temperature of greater than or 
equal to 18° C., but less than 37° C.; depositing a second 
bio-ink onto a surface by extrusion bioprinting; incubating 
the plurality of bio-inks at a temperature of greater than or 
equal to 18° C., but less than 37° C.; and not exposing any 
bio-ink to any ionic, chemical, photo or physical cross-linker 
during the exposure of the first bio-ink, the second bio ink, 
or both bio-inks at a temperature of greater than or equal to 
18° C., but less than 37° C.; wherein the tissue exhibits 
lower levels of apoptosis than a tissue that has been incu- 
bated at 37° C. or above. In certain embodiments, the bio-ink 
was exposed to a temperature of greater than or equal to 2° 
C., but less than 10° C. during or after bioprinting. In certain 
embodiments, the bio-ink was not exposed to any ionic, 
chemical, photo or physical cross-linker during the hypo- 
thermic hold of greater than or equal to 2° C., but less than 
10° C. during or after bioprinting. In certain embodiments, 
at least one of the plurality of bio-inks further comprises a 
test substance, wherein a test substance is a substance under 
evaluation for its ability to elicit a change in a tissue 
compared to a tissue not treated with said substance. In 
certain embodiments, the first or second bio-ink was not 
deposited by aerosol spray technology. In certain embodi- 
ments, the tissue has no perfusable vasculature. In certain 
embodiments, any of the first or second bio-inks consist 
essentially of a single human cell-type. 

[0008] In yet another aspect, disclosed herein are three- 
dimensional, engineered biological tissues comprising: a 
bio-ink, wherein the bioink comprises a concentration of 
between 0.1 and 50 million cells per mL, and a concentration 
of Novogel between 2 and 20%, wherein the bioink is held 
at a temperature of between 2-10° C. for between 30 seconds 
and 1 hour. 

[0009] In yet another aspect, disclosed herein are three- 
dimensional, engineered biological tissues comprising: a 
bio-ink, wherein the bioink comprises a concentration of 
between 0.1 and 50 million cells per mL, and a concentration 
of Novogel between 2 and 20%, wherein the bioink is held 
at a temperature of between 18-37° C. for between 1 hour 
and 15 days. 


BRIEF DESCRIPTION OF THE DRAWINGS 


[0010] The patent or application file contains at least one 
drawing executed in color. Copies of this patent or patent 
application publication with color drawing(s) will be pro- 
vided by the Office upon request and payment of the 
necessary fee. 

[0011] FIG. 1 shows a non-limiting example of an experi- 
mental design; in this case, an experimental design depicting 
a variety of bioprinting techniques used to achieve the 
engineered tissues described herein. 
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[0012] FIG. 2 shows non-limiting examples of photomi- 
crographs of engineered skin tissues; in this case, photomi- 
crographs depicting H&E staining of two of the tissues of 
Example 1 at day 12 post printing (first tissue: A; second 
tissue B) (arrows indicate distinct basal layer). 


[0013] FIG. 3 shows non-limiting examples of photomi- 
crographs of engineered skin tissues; in this case, photomi- 
crographs depicting H&E staining (A, C, E, and G) and 
immunohistochemistry for visualization of CK14 (B, D, F, 
and H) of two of the tissues of Example 1 at day 12 post 
printing (first tissue: A-D; second tissue E-H). 


[0014] FIG. 4 shows non-limiting examples of photomi- 
crographs of engineered skin tissues; in this case, photomi- 
crographs depicting immunohistochemistry for visualization 
of CK5/IVL/Dapi (A and C) and CK10/Dapi (B and D) of 
a third tissue of Example 1 at day 12 post printing. 


[0015] FIG. 5 shows non-limiting examples of photomi- 
crographs of engineered skin tissues of Example 1; in this 
case, photomicrographs depicting a comparison of tissues 
bioprinted using different methodologies (first tissue at day 
10 (A); second tissue at day 12 (B)). 

[0016] FIG. 6 shows exemplary experimental data on gene 
expression within the engineered skin tissues described 
herein in Example 1; in this case, a gene expression data for 
collagen (COL1 and COL4), filaggrin (FLG), and cytokera- 
tin (CK1 and CK10). 

[0017] FIG. 7 shows the effect that dermal tissue has on 
epidermal organization and differentiation. (A) Is a sche- 
matic of the experiment of Example 2. (B) Shows macro- 
scopic views of the printed tissue. (C and F) low magnifi- 
cation of H&E stained cells printed without (C) or with (F) 
dermal paste. (D and G) higher magnification of H&E 
stained cells printed without (D) or with (G) dermal paste. 
Distinct layers of differentiated keratinocytes are visualized 
by simultaneously staining for a basal cell marker CK5 
(green) and involucrin (IVL, red), a later stage differentia- 
tion marker of granular and cornified keratinocytes in cells 
printed without (E) or with dermal paste (H). 

[0018] FIG. 8 histological analysis of bioprinted skin 
tissue of Example 2 at day 12. Shown is H&E staining (A), 
staining for CKS/IVL (B), CK10 (C), trichrome stain (D), 
PCNA and Collagen (E) and TUNEL staining (F). 


[0019] FIG. 9 shows gene expression analysis of bio- 
printed skin tissue of Example 2 at day 12. 

[0020] FIG. 10 shows a non-limiting example of a sche- 
matic concept diagram; in this case, a schematic concept 
diagram depicting an interstitial layer topped with a polar- 
ized epithelial monolayer. 

[0021] FIG. 11 shows a macroscopic view comparing cells 
bioprinted as per Example 3 at either 37° C. (A and B) or 30° 
C. (C and D). 

[0022] FIG. 12 shows H&E (A) and trichrome (B) staining 
of bioprinted renal tissue constmcts from Example 3. 
[0023] FIG. 13 shows the constructs from FIG. 11 with 
brush borders (A, arrows), and collagen deposition (B, 
arrows) highlighted. 

[0024] FIG. 14 shows that extensive endothelial cell net- 
works are observed in 3D bioprinted renal tissue constructs 
from Example 3. Staining for CD31, (endothelial cells, 
green) and TE7 (fibroblasts, red) are shown. Networks with 
putative lumens lined with endothelial cells are marked with 
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[0025] FIG. 15 shows GGT activity in 3D bioprinted renal 
tissue from Example 3 and in 2D hTERT-RPTEC cells but 
not in interstitial cells alone. 

[0026] FIG. 16 (B) shows an example of skin tissue 
printed using the methods of this disclosure a 4° C. hypo- 
thermic hold for 10 minutes, followed by a 30° C. incubation 
for 5 days at no point was the tissue construct exposed to a 
cross-linking step, TUNEL staining (green) indicates lower 
levels of apoptosis when compared to a tissue printed not 
using these techniques (A). 

[0027] FIG. 17 shows gene expression data comparing 
skin tissue fabricated with a 4° C. hypothermic hold and 
incubation at 30° C. for 5 days, (E, F, G, and H) versus skin 
tissue fabricated without these techniques (A, B, C, and D). 
Genes assayed by qPCR were: Involucrin (IVL) (A and E), 
CK10 (B and F), CK5 (C and G) and Collal (D and H). 
[0028] FIG. 18A-D are photographs showing the tempera- 
ture dependence of the viscosity of cellular bio-ink at 18.2” 
C. (A), 30.2? C. (B), 32.0” C. (C), and 36.9” C. (D). Bio-ink 
that forms and is distinctly visible on the outer edge of liver 
tissue (clear diamond bordering the dark triangles indicated 
by an arrow) at 18.2? C. (A) is maintained at 30.2” C. (B). 
The tissue edges break down at 32.0” C. (C) and completely 
disappear at 36.9? C. (D). 


DETAILED DESCRIPTION OF THE 
INVENTION 


[0029] In one aspect, disclosed herein are methods of 
fabricating a three-dimensional, engineered, biological tis- 
sue, the method comprising, preparing a bio-ink comprising 
living cells; depositing the bio-ink onto a surface by bio- 
printing; incubating the bio-ink at a temperature of greater 
than or equal to 18° C., but less than 37° C.; wherein the 
bio-ink is not exposed to any ionic, chemical, photo or 
physical cross-linker during the incubation at a temperature 
of greater than or equal to 18° C., but less than 37° C. 
[0030] In another aspect, disclosed herein are methods of 
fabricating a three-dimensional, engineered, biological tis- 
sue, the method comprising: preparing a plurality of bio-inks 
comprising living cells; depositing a first bio-ink onto a 
surface by bioprinting; incubating the first bio-ink at a 
temperature of greater than or equal to 18° C., but less than 
37° C.; depositing a second bio-ink onto the surface by 
bioprinting; and incubating the plurality of bio-inks at a 
temperature of greater than or equal to 18° C., but less than 
37° C.; and wherein the bio-ink is not exposed to any ionic, 
chemical, photo or physical cross-linker during the exposure 
of the first bio-ink, the second bioink, or both bio-inks at a 
temperature of greater than or equal to 18” C., but less than 
37°C. 

[0031] In another aspect, disclosed herein are three-di- 
mensional, engineered, biological tissues, the tissues engi- 
neered by: preparing a bio-ink comprising living cells; 
depositing the bio-ink onto a surface by bioprinting; incu- 
bating the bio-ink at a temperature of greater than or equal 
to 18° C., but less than 37° C.; wherein the bio-ink is not 
exposed to any ionic, chemical, photo or physical cross- 
linker during the incubation at a temperature of greater than 
or equal to 18° C., but less than 37° C. 

[0032] In another aspect, disclosed herein are three-di- 
mensional, engineered, biological tissues, the tissues engi- 
neered by: preparing a plurality of bio-inks comprising 
living cells; depositing a first bio-ink onto a surface by 
bioprinting; incubating the first bio-ink at a temperature of 
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greater than or equal to 18° C., but less than 37° C.; 
depositing a second bio-ink onto the surface by bioprinting; 
and incubating the plurality of bio-inks at a temperature of 
greater than or equal to 18° C., but less than 37° C.; and 
wherein the bio-ink is not exposed to any ionic, chemical, 
photo or physical cross-linker during the exposure of the 
first bio-ink, the second bioink, or both bio-inks at a tem- 
perature of greater than or equal to 18° C., but less than 37° 
Ce 

[0033] An advantage of the engineered tissues and meth- 
odologies described herein is that they allow retention of the 
shape of the structure without compromising the function- 
ality of the original cell types, and that they require no use 
of potentially toxic cross-linkers such as high ion levels, 
enzymes or UV light. The shape of the bioprinted structure 
is advantageously maintained by multiple approaches. A 
cold exposure step and/or an incubation step at below 37° C. 
are advantageous in that they allow for printed bio-inks to 
better maintain their shape during maturation, and limit the 
bioprinted cells exposure to cross-linkers that may damage 
the cells, such as supraphysiological levels of calcium, and 
reduces apoptosis in the resulting bioprinted tissues (FIG. 
16). Surprisingly, this works with multiple tissue types, and 
even tissue types that are normally internal to the body, and, 
thus, at 37° C. (FIG. 11, kidney tissue). A temporal delay 
between printing bio-inks allows for maturation of a basal 
layer before application of any succeeding layer. The inven- 
tion also incorporates a novel aerosol spray printing method 
into a 3D tissue model. The aerosol spray approach provides 
a for a unique discontinuous method compared to a con- 
tinuous deposition method in that it allows the creation of a 
thinner layer, and allows for deposition of material onto an 
existing tissue layer after a period of maturation. This is 
advantageous because it may produce a tissue that better 
mimics native tissue in vivo. This can also be advantageous 
because it can reduce the number of cells required and allow 
for bioprinting with limited cell populations. This aerosol 
spray method can be applied to create multiple layers at 
multiple time points. For example, this method could be 
used for constructing a skin tissue by spraying first with 
undifferentiated keratinocytes followed by spraying with 
differentiated keratinocytes this could better mimic native 
skin. 


Certain Definitions 


[0034] Unless otherwise defined, all technical terms used 
herein have the same meaning as commonly understood by 
one of ordinary skill in the art to which this invention 
belongs. As used in this specification and the appended 
claims, the singular forms “a,” “an,” and “the” include plural 
references unless the context clearly dictates otherwise. Any 
reference to “or” herein is intended to encompass “and/or” 
unless otherwise stated. 

[0035] As used herein, “consists essentially” means that 
the specified cell type is the only cell type present, but the 
bio-ink may contain other non-cellular material including 
but not limited to extrusion compounds, hydrogels, extra- 
cellular matrix components, nutritive and media compo- 
nents, inorganic and organic salts, acids and bases, buffer 
compounds, and other non-cellular components that pro- 
mote cell survival, adhesion, growth, or that facilitate bio- 
printing. 

[0036] As used herein “exposed” to a “cross-linker” or 
“cross-linking” agent means non-physiological levels of the 
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specific cross-linker or cross-linking agent, or levels of the 
specific cross-linking agent that are not sufficient to result in 
significant crosslinking of a given cross-linkable substance. 
Significant crosslinking is greater than 1%, 2%, 3%, 4% or 
5% crosslinking. 


[0037] As used herein, “tissue” means an aggregate of 
cells. 
[0038] As used herein, “layer” means an association of 


cells in X and Y planes that is multiple cells thick. In some 
embodiments, the engineered tissues describe herein include 
one layer. In other embodiments, the engineered tissues 
describe herein include a plurality of layers. In various 
embodiments, a layer forms a contiguous, substantially 
contiguous, or non-contiguous sheet of cells. In some 
embodiments, each layer of an engineered tissue described 
herein comprises multiple cells in the X, Y, and Z axes. 
[0039] As used herein, “bio-ink” means a liquid, semi- 
solid, or solid composition for use in bioprinting. In some 
embodiments, bio-ink comprises cell solutions, cell aggre- 
gates, cell-comprising gels, multicellular bodies, cellular 
pastes or tissues. In some embodiments, the bio-ink addi- 
tionally comprises non-cellular materials that provide spe- 
cific biomechanical properties that enable bioprinting. In 
some embodiments, the bio-ink comprises an extrusion 
compound. In some cases, the extrusion compound is engi- 
neered to be removed after the bioprinting process. In other 
embodiments, at least some portion of the extrusion com- 
pound remains entrained with the cells post-printing and is 
not removed. 

[0040] As used herein, “bio-compatible liquid” means any 
liquid capable of contacting or completely covering cells 
without damage to the cells, examples include but are not 
limited to growth media and physiological buffers disclosed 
in this application. 

[0041] As used herein, “bioprinting” means utilizing 
three-dimensional, precise deposition of cells (e.g., cell 
solutions, cell-containing gels, cell suspensions, cell con- 
centrations, multicellular aggregates, multicellular bodies, 
etc.) via methodology that is compatible with an automated 
or semi-automated, computer-aided, three-dimensional pro- 
totyping device (e.g., a bioprinter). Suitable bioprinters 
include the Novogen Bioprinter® from Organovo, Inc. (San 
Diego, Calif.). Some bioprinting methods are extrusion 
methods which comprise forcing a high viscosity bio-ink 
through an opening for deposition to a surface. Extrusion 
methods can be continuous or discontinuous. Other bioprint- 
ing methods are ejection methods which comprise spraying 
an aerosol, droplets, or a mist onto a surface. This type of 
method requires a low-viscosity bio-ink. An example of this 
method is the technique of ink-jetting. These methods are 
incompatible with high viscosity bio-inks. 

[0042] As used herein, “scaffold” refers to synthetic scaf- 
folds such as polymer scaffolds and porous hydrogels, 
non-synthetic scaffolds such as pre-formed extracellular 
matrix layers, dead cell layers, and decellularized tissues, 
and any other type of pre-formed scaffold that is integral to 
the physical structure of the engineered tissue and not able 
to be removed from the tissue without damage/destruction of 
said tissue. In further embodiments, decellularized tissue 
scaffolds include decellularized native tissues or decellular- 
ized cellular material generated by cultured cells in any 
manner; for example, cell layers that are allowed to die or 
are decellularized, leaving behind the ECM they produced 
while living. The term “scaffoldless,” therefore, is intended 
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to imply that pre-formed scaffold is not an integral part of 
the engineered tissue at the time of use, either having been 
removed or remaining as an inert component of the engi- 
neered tissue. “Scaffoldless” is used interchangeably with 
“scaffold-free” and “free of pre-formed scaffold.” 

[0043] As used herein, “subject” means any individual, 
which is a human, a non-human animal, any mammal, or any 
vertebrate. The term is interchangeable with “patient,” 
“recipient” and “donor.” 

[0044] As used herein, “test substance” refers to any 
biological, chemical or physical substance under evaluation 
for its ability to elicit a change in said skin tissue compared 
to skin tissue not treated with said substance. A non-limiting 
example of a change in skin tissue could be an allergic 
reaction, a toxic reaction, an irritation reaction; a change that 
is measured by a defined molecular state such as a change in 
mRNA levels or activity, changes in protein levels, changes 
in protein modification or epigenetic changes; or a change 
that results in a measurable cellular outcome such as a 
change in proliferation, apoptosis, cell viability, cell divi- 
sion, cell motility, cytoskeletal rearrangements, chromo- 
somal number or composition. Test substances include, but 
are not limited to; chemical compositions containing an 
active or inactive ingredient, either in whole, in part, iso- 
lated, or purified; physical stressors such as light, UV light, 
mechanical stress, heat, or cold; biological agents such as 
bacteria, viruses, parasites, or fungi. “Test substance” also 
refers to a plurality of substances mixed or applied sepa- 
rately. 

[0045] As used herein, “use” encompasses a variety of 
possible uses of the tissue which will be appreciated by one 
skilled in the art. These uses include by way of non-limiting 
example; implantation or engraftment of the engineered 
tissue into or onto a subject; inclusion of the tissue in a 
biological assay for the purposes of biological, biotechno- 
logical or pharmacological discovery; toxicology testing, 
including teratogen testing; pharmacology testing, including 
testing to determine pharmacokinetics and drug metabolism 
and absorption and penetration, cosmetic testing, including 
testing to determine sensitization, potential to cause irrita- 
tion or corrosion of any layer of the dermis, to any test 
chemical or non-chemical agent including ultraviolet light. 
“Use” can also refer to the process of maturation, or tissue 
cohesion, in vitro after bioprinting. 


Engineered, Three-Dimensional Tissues 


[0046] One advantage to fabricating tissue with the bio- 
printing platform disclosed herein compared to current tis- 
sue models and natural tissue is that the process is auto- 
mated. This allows for greater reproducibility and 
scalability. For example, it is possible to miniaturize the 
tissue geometry in order to print bio-ink into well plate 
formats such as 6, 12, 24, 48, 96, 384 or 1536-well plates for 
use in screening applications including high-throughput 
screening applications. Another major advantage of an auto- 
mated platform is that it can be utilized to administer 
substances for toxicity testing in addition to bioprinting 
tissue. Current testing in tissue models is limited by the 
manual approaches necessary both to fabricate the tissue and 
to apply a test material to that tissue, limiting the application 
to topical administration. The flexibility of the printing 
platform allows for a variety of methods for application, 
deposition, and incorporation into tissues not possible with 
a manual approach. For example, test substances could be 
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sprayed in a fine mist using the aerosol spray technology, or 
injected into the dermal layer utilizing the continuous depo- 
sition module. A third major advantage of bioprinting in a 
tissue toxicology model is the time frame in which a layered 
structure can be generated and tested. Bioprinting 
approaches can overlay sheets of cells simultaneously or 
with a delay to create multiple layers which can then be 
allowed to mature and differentiate for a defined period of 
time. The bioprinting platform allows for longitudinal stud- 
ies not possible with manual approaches because test or 
therapeutic substances can be exposed to or incorporated 
into tissues during printing or administered to mature tissues 
at later time points. 

[0047] Insome embodiments, the three-dimensional, engi- 
neered, biological tissues described herein include one or 
more cellular layers. In further embodiments, the layers are 
stratified. In some embodiments, the engineered tissues 
include a basal layer. In some embodiments, the tissues 
described herein are skin tissues. In some embodiments, the 
tissues described herein are kidney tissues. In some embodi- 
ments, the tissues described herein are liver tissues. In some 
embodiments, the tissues described herein are lung tissues. 
In some embodiments, the tissues described herein are gut 
tissues. In some embodiments, the tissues described herein 
are intestinal tissues. 

[0048] In some embodiments, the cells are bioprinted. In 
further embodiments, the bioprinted cells are cohered to 
form the engineered tissues. In still further embodiments, the 
engineered tissues are free or substantially free of pre- 
formed scaffold at the time of fabrication or the time of use. 
In some cases, bioprinting allows fabrication of tissues that 
mimic the appropriate cellularity of native tissue. 

[0049] Tn some embodiments, the three-dimensional, engi- 
neered tissues described herein are distinguished from tis- 
sues fabricated by prior technologies by virtue of the fact 
that they are three-dimensional, free of pre-formed scaffolds, 
consist essentially of cells, have a high cell density. In 
certain embodiments, the engineered tissues are greater than 
30% cellular, greater than 40% cellular, greater than 50% 
cellular, greater than 60% cellular, greater than 70% cellular, 
greater than 80% cellular, or greater than 90% cellular. In 
certain embodiments, the engineered tissues have been 
exposed to incubations at different non-physiological tem- 
peratures at various times. For mammalian cells physiologi- 
cal temperature is defined as the normal body temperature of 
about 37° C. 

Distinguished from Native Tissue 

[0050] In some embodiments, the three-dimensional, engi- 
neered tissues described herein are distinguished from native 
(e.g., non-engineered) tissues by virtue of the fact that they 
are non-innervated (e.g., substantially free of nervous tis- 
sue), substantially free of mature vasculature, and/or sub- 
stantially free of blood components. For example, in various 
embodiments, the three-dimensional, engineered tissues are 
free of plasma, red blood cells, platelets, and the like and/or 
endogenously-generated plasma, red blood cells, platelets, 
and the like. In certain embodiments, the tissues lack hemo- 
globin. In some embodiments, the tissues lack innervation or 
neurons. In some embodiments, the tissue lack neuronal 
markers such as any of: Beat III tubulin, MAP2, NeuN and 
neuron specific enolase. In some embodiments, the engi- 
neered tissues are species chimeras, wherein at least one cell 
or cell-type of the tissue is from a different mammalian 
species then another cell or cell-type of the tissue. In some 
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embodiments, the tissues described herein are marked by an 
increased basal metabolic rate then tissue in vivo or ex vivo. 
In some embodiments, the tissues described herein are 
marked by an increased proliferative rate then tissue in vivo 
or in ex vivo culture. In some embodiments, the tissues 
described herein are marked by an increased cell size when 
compared to cells in tissue in vivo or in ex vivo culture. 
[0051] The tissues of the current disclosure are marked by 
extended viability in culture. Tissue explants exhibit low 
viability in in vitro culture. In certain embodiments, the 
three-dimensional, engineered tissues described herein are 
viable after 7 days in culture. In certain embodiments, the 
three-dimensional, engineered tissues described herein are 
viable after 10 days in culture. In certain embodiments, the 
three-dimensional, engineered tissues described herein are 
viable after 14 days in culture. In certain embodiments, the 
three-dimensional, engineered tissues described herein are 
viable after 21 days in culture. 

[0052] One advantage of the tissues fabricated by the 
methods of this disclosure is the ability to form novel and 
advantageous chimeras. In some embodiments, the engi- 
neered tissues are species chimeras, wherein at least one cell 
or cell-type of the tissue is from a different mammalian 
species than another cell or cell-type of the tissue. For 
example, the dermal bio-ink contains a cell of mouse, rat, or 
primate origin and the epidermal bio-ink contains a cell of 
human origin. In some embodiments, the engineered tissues 
are genetic chimeras, wherein at least one cell or cell-type is 
from a different genetic background than the genetic back- 
ground of any other cell or cell-type of the tissue. For 
example, the dermal fibroblasts of the dermal bio-ink may be 
from a certain donor and the keratinocytes or melanocytes of 
the epidermal bio-ink may be from a different donor, creat- 
ing a genetic chimera. In some embodiments, the engineered 
tissues are chimeras of other types. For example, the dermal 
bio-ink may comprise a transformed dermal fibroblast, and 
the epidermal bio-ink may comprise a primary untrans- 
formed keratinocyte or melanocyte. In certain embodiments, 
the dermal bio-ink may contain fibroblasts of non-dermal 
origin. In certain embodiments, the tissues are free of 
immune cells. In certain embodiments, the tissues are free of 
Langerhans cells. In certain embodiments, the tissues are 
free of T-cells. In certain embodiments, the tissues are 
substantially free of any of the immune cells marked by 
expression of the following proteins: CD11c, DC-SIGN, 
CD11b, CD4, CD8, CD28, CD3, CD19 CD80 or CD86. 
[0053] In some embodiments, one or more components of 
the engineered tissues described herein are bioprinted, 
which comprises an additive fabrication process. Therefore, 
in such embodiments, through the methods of fabrication, 
the fabricator exerts significant control over the composition 
of the resulting engineered tissues described herein. As such, 
the engineered tissues described herein optionally comprise 
any of the layers, structures, compartments, and/or cells of 
native tissue. Conversely, the engineered skin tissues 
described herein optionally lack any of the layers, structures, 
compartments, and/or cells of native tissue. 


Bioprinting 


[0054] The tissues and methods described herein involve 
bio-ink formulations and bioprinting methods to create 3D 
tissue structures containing compositions of living cells. The 
printing methods utilize bio-ink to create geometries which 
produce layers to mimic native tissue. In various embodi- 
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ments, the printing methods utilize a variety of printing 
surfaces with a variety of pore sizes that are optionally 
coated with matrix support material such as collagen. In 
some embodiments, the printing surface can be static or 
flexible. The flexible printing surface allows printed tissue to 
be subjected to flexing and other non-static conditions post 
fabrication. In some embodiments, hydrogels are optionally 
added to support biomaterials or to constitute space-saving 
regions in which there are no cells. 

[0055] In some embodiments, the engineered tissues, 
arrays, and methods described herein incorporate continuous 
deposition printing into a 3D tissue model. Continuous 
deposition is optionally utilized to produce single or mul- 
tiple layers. In one embodiment, a bio-ink comprised of 
fibroblasts is printed to produce a tissue mimicking the 
dermis. In another embodiment, bio-ink comprised of kera- 
tinocytes or a mixture of keratinocytes and melanocytes is 
printed to produce a tissue to mimic the epidermis. A third 
embodiment combines bio-inks to simultaneously deposit 
the epidermal bio-ink on top of the dermal bio-ink. Con- 
tinuous deposition printing provides an advantage to current 
3D tissue models in that it enables cells to be placed within 
a precise geometry and enables the use of multiple bio-ink 
formulations including, but not limited to, inert gels such as 
Novogel® 2.0 and Novogel® 3.0, and cell paste. Continuous 
deposition allows optional incorporation of various bioma- 
terials into the Novogel® formulation and various printing 
surfaces to promote extracellular matrix production and 
differentiation. 


[0056] Aerosol spray bioprinting techniques allow for the 
spray of materials that include, for example, a cell suspen- 
sion, media, bio-ink, biosupport material, or a combination 
thereof. In some embodiments, the engineered tissues and 
methodologies described herein highlight the ability to aero- 
sol spray (e.g., spray) single cells at a resolution of one cell 
layer thickness and the ability to spray cell aggregates. The 
sprayed layer could, however, also be modified by changing 
parameters including but not limited to spray material veloc- 
ity, distance, time, volume, and viscosity. For the creation of 
the epidermal layer, cells are optionally sprayed onto other 
bioprinted layers to result in a full-thickness model, or 
directly onto transwell or other matrix coated surfaces to 
specifically generate an epidermal model. The spray method 
is optionally utilized to embed sprayed material into a soft 
surface such as biosupport material or Novogel®. For 
example, a dermal layer could be created by spraying 
fibroblasts into a collagen gel. 

[0057] The aerosol spray method is unique when com- 
pared to continuous deposition printing in that it does not 
require a flat printing surface, such as a transwell membrane, 
to zero the initial printing position in the x, y, and z-axes. 
The aerosol spray method is optionally used to apply a layer 
to an uneven surface such as a structure previously printed 
by continuous deposition. 

[0058] Regardless of the printing method used, a variety 
of factors are optionally modified to promote proliferation 
and/or differentiation of bioprinted tissue cells. In some 
cases, dermal media, epidermal media, or a combination of 
dermal and epidermal media is added to the tissue con- 
structs. In addition, the media composition is optionally 
changed at different points in the tissue lifetime to promote 
the desired biology. The tissue constructs are optionally 
moved to an air liquid interface or subjected to atmospheric 
changes such as modification of humidity or CO,. A hypo- 
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thetical experimental design combining both printing 
approaches is shown in FIG. 1. 


[0059] In some embodiments, at least one component of 
the three dimensional engineered biological tissues/con- 
structs are bioprinted. In further embodiments, bioprinted 
constructs are made with a method that utilizes a rapid 
prototyping technology based on three-dimensional, auto- 
mated, computer-aided deposition of cells, including cell 
solutions, cell suspensions, cell-comprising gels or pastes, 
cell concentrations, multicellular bodies (e.g., cylinders, 
spheroids, ribbons, etc.), and, optionally, confinement mate- 
rial onto a biocompatible support surface (e.g., composed of 
hydrogel and/or a porous membrane) by a three-dimensional 
delivery device (e.g., a bioprinter). In some aspects, the 
surface can be a layer of cells previously printed. In some 
aspects, the surface can be a cell-free biocompatible surface. 
As used herein, in some embodiments, the term “engi- 
neered,” when used to refer to tissues and/or organs means 
that cells, cell solutions, cell suspensions, cell-comprising 
gels or pastes, cell concentrates, multicellular aggregates, 
and layers thereof are positioned to form three-dimensional 
structures by a computer-aided device (e.g., a bioprinter) 
according to a computer script. In further embodiments, the 
computer script is, for example, one or more computer 
programs, computer applications, or computer modules. In 
still further embodiments, three-dimensional tissue struc- 
tures form through the post-printing fusion of cells or 
multicellular bodies which, in some cases, is similar to 
self-assembly phenomena in early morphogenesis. 


[0060] While a number of methods are available to 
arrange cells, multicellular aggregates, and/or layers thereof 
on a biocompatible surface to produce a three-dimensional 
structure including manual placement, positioning by an 
automated, computer-aided machine such as a bioprinter is 
advantageous. Advantages of delivery of cells or multicel- 
lular bodies with this technology include rapid, accurate, and 
reproducible placement of cells or multicellular bodies to 
produce constructs exhibiting planned or pre-determined 
orientations or patterns of cells, multicellular aggregates 
and/or layers thereof with various compositions. Advantages 
also include assured high cell density, while minimizing cell 
damage. 


[0061] Insome embodiments, the method of bioprinting is 
continuous and/or substantially continuous. A non-limiting 
example of a continuous bioprinting method is to dispense 
bio-ink (i.e., cells, cells combined with an excipient or 
extrusion compound, or aggregates of cells) from a bio- 
printer via a dispense tip (e.g., a syringe, needle, capillary 
tube, etc.) connected to a reservoir of bio-ink. In further 
non-limiting embodiments, a continuous bioprinting method 
is to dispense bio-ink in a repeating pattern of functional 
units. In various embodiments, a repeating functional unit 
has any suitable geometry, including, for example, circles, 
squares, rectangles, triangles, polygons, and irregular geom- 
etries, thereby resulting in one or more tissue layers with 
planar geometry achieved via spatial patterning of distinct 
bio-inks and/or void spaces. In further embodiments, a 
repeating pattern of bioprinted function units comprises a 
layer and a plurality of layers are bioprinted adjacently (e.g., 
stacked) to form an engineered tissue or organ with laminar 
geometry. In various embodiments, 2, 3, 4, 5, 6, 7, 8, 9, 10, 
11, 12, 13, 14, 15, or more layers are bioprinted adjacently 
(e.g., stacked) to form an engineered tissue or organ. In 
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further embodiments, one or more layers of a tissue with 
laminar geometry also has planar geometry. 

[0062] Insome embodiments, the method of bioprinting is 
discontinuous. A non-limiting example of discontinuous 
bioprinting is when bio-ink or cells are dispensed, and then 
the flow of bio-ink or cells is stopped, paused for a certain 
amount of time, and then started again. This can allow for 
different bio-inks or cells, or the same bio-inks or cells to be 
layered with a delay in printing of the layers. In some 
embodiments, the discontinuous bioprinting is achieved 
using an aerosol spray type of bioprinting, wherein cells are 
applied to an existing tissue layer or surface using an aerosol 
spray technology. In some embodiments, a single layer or 
plurality of layers of cells including dermal cells and cell 
matrix components or bio-inks are deposited, followed by a 
temporal delay in deposition of a single layer or plurality of 
layers epidermal cells or bio-inks. In some embodiments, the 
deposition of the epidermal cells is by an aerosol spray. 
[0063] In certain embodiments, deposition of a second 
bio-ink occurs after deposition of a first bio-ink. In certain 
embodiments, deposition of the second bio-ink is temporally 
delayed before it is deposited on the first bio-ink. In certain 
embodiments, the delay is greater than 1, 2, 3, 4, 5, 6, 7, 8, 
9, milliseconds. In certain embodiments, the delay is greater 
than 10 milliseconds. In certain embodiments, the delay is 
greater than 20, 30, 40, 50, 60, 70, 80, 90 or 100, millisec- 
onds. In certain embodiments, the delay is greater than 200, 
300, 400, 500, 600, 700, 800, 900 or 1000, milliseconds. In 
certain embodiments, the delay is greater than 1, 2, 3, 4, 5, 
6, 7, 8, 9, 10 seconds. In certain embodiments, the delay is 
greater than 10, 20, 30, 40, 50, or 60 seconds. In certain 
embodiments, the delay is greater than 1, 2, 3, 4, 5, 6, 7, 8, 
9, or 10 minutes. In certain embodiments, the delay is 
greater than 10, 20, 30, 40, 50, or 60 minutes. In certain 
embodiments, the delay is greater than 1, 2, 3, 4, 5, 6, 7, 8, 
9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, or 
24 hours. In certain embodiments, the delay is greater than 
1, 2, 3, 4, 5, 6, or 7 days. In certain embodiments, the delay 
is greater than 1, 2, 3, or 4 weeks. In certain embodiments, 
the delay is less than 1, 2, 3, 4, 5, 6, 7, 8, 9, milliseconds. In 
certain embodiments, the delay is less than 10 milliseconds. 
In certain embodiments, the delay is less than 20, 30, 40, 50, 
60, 70, 80, 90 or 100, milliseconds. In certain embodiments, 
the delay is less than 200, 300, 400, 500, 600, 700, 800, 900 
or 1000, milliseconds. In certain embodiments, the delay is 
less than 1, 2, 3, 4, 5, 6, 7, 8, 9, 10 seconds. In certain 
embodiments, the delay is less than 10, 20, 30, 40, 50, or 60 
seconds. In certain embodiments, the delay is less than 1, 2, 
3, 4, 5, 6, 7, 8, 9, or 10 minutes. In certain embodiments, the 
delay is less than 10, 20, 30, 40, 50, or 60 minutes. In certain 
embodiments, the delay is less than 1, 2, 3, 4, 5, 6, 7, 8, 9, 
10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, or 24 
hours. In certain embodiments, the delay is less than 1, 2, 3, 
4, 5, 6, or 7 days. In certain embodiments, the delay is less 
than 1, 2, 3, or 4 weeks. 


Bio-Inks 


[0064] Disclosed herein, in certain embodiments, are 
three-dimensional living tissues and methods for the fabri- 
cation of bioprinted tissue that maintains cellular compart- 
ments postfabrication without compromising cell viability 
and function. In some embodiments, cells are bioprinted by 
depositing or extruding bio-ink from a bioprinter. In some 
embodiments, “bio-ink” includes liquid, semi-solid, or solid 
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compositions comprising a plurality of cells. In some 
embodiments, bio-ink comprises liquid or semi-solid cell 
solutions, cell suspensions, or cell concentrations. In further 
embodiments, a cell solution, suspension, or concentration 
comprises a liquid or semi-solid (e.g., viscous) carrier and a 
plurality of cells. In still further embodiments, the carrier is 
a suitable cell nutrient media, such as those described herein. 
In some embodiments, bio-ink comprises a plurality of cells 
that optionally cohere into multicellular aggregates prior to 
bioprinting. In further embodiments, bio-ink comprises a 
plurality of cells and is bioprinted to produce a specific 
planar and/or laminar geometry; wherein cohesion of the 
individual cells within the bio-ink takes place before, during 
and/or after bioprinting. In some embodiments, the bio-ink 
is produced by 1) collecting a plurality of cells in a fixed 
volume; wherein the cellular component(s) represent at least 
about 30, 40, 50, 60, 70, 80, 90% or 100% of the total 
volume. In some embodiments, bio-ink comprises semi- 
solid or solid multicellular aggregates or multicellular bod- 
ies. In further embodiments, the bio-ink is produced by 1) 
mixing a plurality of cells or cell aggregates and a biocom- 
patible liquid or gel in a pre-determined ratio to result in 
bio-ink, and 2) compacting the bio-ink to produce the 
bio-ink with a desired cell density and viscosity. In some 
embodiments, the compacting of the bio-ink is achieved by 
centrifugation, tangential flow filtration (“TFF”), or a com- 
bination thereof. In some embodiments, the compacting of 
the bio-ink results in a composition that is extrudable, 
allowing formation of multicellular aggregates or multicel- 
lular bodies. In some embodiments, “extrudable” means able 
to be shaped by forcing (e.g., under pressure) through a 
nozzle or orifice (e.g., one or more holes or tubes). In some 
embodiments, the compacting of the bio-ink results from 
growing the cells to a suitable density. The cell density 
necessary for the bio-ink will vary with the cells being used 
and the tissue or organ being produced. In some embodi- 
ments, the cells of the bio-ink are cohered and/or adhered. In 
some embodiments, “cohere,” “cohered,” and “cohesion” 
refer to cell-cell adhesion properties that bind cells, multi- 
cellular aggregates, multicellular bodies, and/or layers 
thereof. In further embodiments, the terms are used inter- 
changeably with “fuse,” “fused,” and “fusion.” In some 
embodiments, the bio-ink additionally comprises support 
material, cell culture medium (or supplements thereof), 
extracellular matrix (or components thereof), cell adhesion 
agents, cell death inhibitors, anti-apoptotic agents, anti- 
oxidants, extrusion compounds, and combinations thereof. 


[0065] In various embodiments, the cells are any suitable 
cell. In further various embodiments, the cells are vertebrate 
cells, mammalian cells, human cells, or combinations 
thereof. In some embodiments, the type of cell used in a 
method disclosed herein depends on the type of construct or 
tissue being produced. In some embodiments, the bio-ink 
comprises one type of cell (also referred to as a “homoge- 
neous” or “monotypic” bio-ink). In some embodiments, the 
bio-ink comprises more than one type of cell (also referred 
to as a “heterogeneous” or “polytypic” bio-ink). 


[0066] In some embodiments, the bio-ink comprises a cell 
culture medium. The cell culture medium is any suitable 
medium. In various embodiments, suitable cell culture 
media include, by way of non-limiting examples, Dulbec- 
co”s Phosphate Buffered Saline, Earle’s Balanced Salts, 
Hanks’ Balanced Salts, Tyrode’s Salts, Alsever’s Solution, 
Gey’s Balanced Salt Solution, Kreb’s-Henseleit Buffer 
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Modified, Kreb’s-Ringer Bicarbonate Buffer, Puck’s Saline, 
Dulbecco’s Modified Eagle’s Medium, Dulbecco’s Modi- 
fied Eagle’s Medium/Nutrient F-12 Ham, Nutrient Mixture 
F-10 Ham (Ham’s F-10), Medium 199, Minimum Essential 
Medium Eagle, RPMI-1640 Medium, Ames’ Media, BGJb 
Medium (Fitton-Jackson Modification), Click’s Medium, 
CMRL-1066 Medium, Fischer’s Medium, Glascow Mini- 
mum Essential Medium (GMEM), Iscove’s Modified Dul- 
becco’s Medium (IMDM), L-15 Medium (Leibovitz), 
McCoy’s 5A Modified Medium, NCTC Medium, Swim’s 
S-77 Medium, Waymouth Medium, William’s Medium E, or 
combinations thereof. In some embodiments, the cell culture 
medium is modified or supplemented. In some embodi- 
ments, the cell culture medium further comprises albumin, 
selenium, transferrins, fetuins, sugars, amino acids, vita- 
mins, growth factors, cytokines, hormones, antibiotics, lip- 
ids, lipid carriers, cyclodextrins, platelet-rich plasma, or a 
combination thereof. 


[0067] In some embodiments, the bio-ink further com- 
prises one or more components of an extracellular matrix or 
derivatives thereof. In some embodiments, “extracellular 
matrix” includes proteins that are produced by cells and 
transported out of the cells into the extracellular space, 
where they serve as a support to hold tissues together, to 
provide tensile strength, and/or to facilitate cell signaling. 
Examples, of extracellular matrix components include, but 
are not limited to, collagens, fibronectin, laminins, hyaluro- 
nates, elastin, and proteoglycans. For example, in some 
embodiments, the multicellular aggregates contain various 
ECM proteins (e.g., gelatin, fibrinogen, fibrin, collagens, 
fibronectin, laminins, elastin, and/or proteoglycans). The 
ECM components or derivatives of ECM components are 
optionally added to the cell paste used to form the multi- 
cellular aggregate. The ECM components or derivatives of 
ECM components added to the cell paste are optionally 
purified from a human or animal source, or produced by 
recombinant methods known in the art. Alternatively, the 
ECM components or derivatives of ECM components are 
naturally secreted by the cells in the elongate cellular body, 
or the cells used to make the elongate cellular body are 
optionally genetically manipulated by any suitable method 
known in the art to vary the expression level of one or more 
ECM components or derivatives of ECM components and/or 
one or more cell adhesion molecules or cell-substrate adhe- 
sion molecules (e.g., selectins, integrins, immunoglobulins, 
and adherins). In some embodiments, the ECM components 
or derivatives of ECM components promote cohesion of the 
cells in the multicellular aggregates. For example, gelatin 
and/or fibrinogen is suitably added to the cell paste, which 
is used to form multicellular aggregates. The fibrinogen is 
converted to fibrin by the addition of thrombin. 


[0068] In some embodiments, the bio-ink further com- 
prises an agent that inhibits cell death (e.g., necrosis, apop- 
tosis, or autophagocytosis). In some embodiments, the bio- 
ink further comprises an anti-apoptotic agent. Agents that 
inhibit cell death include, but are not limited to, small 
molecules, antibodies, peptides, peptibodies, or combination 
thereof. In some embodiments, the agent that inhibits cell 
death is selected from: anti-TNF agents, agents that inhibit 
the activity of an interleukin, agents that inhibit the activity 
of an interferon, agents that inhibit the activity of an GCSF 
(granulocyte colony-stimulating factor), agents that inhibit 
the activity of a macrophage inflammatory protein, agents 
that inhibit the activity of TGF-B (transforming growth 
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factor B), agents that inhibit the activity of an MMP (matrix 
metalloproteinase), agents that inhibit the activity of a 
caspase, agents that inhibit the activity of the MAPK/JNK 
signaling cascade, agents that inhibit the activity of a Src 
kinase, agents that inhibit the activity of a JAK (Janus 
kinase), or a combination thereof. In some embodiments, the 
bio-ink comprises an anti-oxidant. In some embodiments, 
the bio-ink comprises oxygen-carriers or other cell-specific 
nutrients. 


[0069] In some embodiments, the bio-ink further com- 
prises an extrusion compound (i.e., a compound that modi- 
fies the extrusion properties of the bio-ink). Examples of 
extrusion compounds include, but are not limited to gels, 
hydrogels, peptide hydrogels, amino acid-based gels, sur- 
factant polyols (e.g., Pluronic F-127 or PF-127), thermo- 
responsive polymers, hyaluronates, alginates, extracellular 
matrix components (and derivatives thereof), collagens, 
gelatin, other biocompatible natural or synthetic polymers, 
nanofibers, and self-assembling nanofibers. In some 
embodiments, extrusion compounds are removed after bio- 
printing by physical, chemical, or enzymatic means. 


[0070] In certain embodiments, the bio-ink comprises 
between 50 million and 1 billion cells per milliliter. In 
certain embodiments, the bio-ink comprises between 50 
million and 900 million cells per milliliter. In certain 
embodiments, the bio-ink comprises between 50 million and 
800 million cells per milliliter. In certain embodiments, the 
bio ink comprises between 50 million and 700 million cells 
per milliliter. In certain embodiments, the bio ink comprises 
between 50 million and 600 million cells per milliliter. In 
certain embodiments, the bio ink comprises between 50 
million and 500 million cells per milliliter. In certain 
embodiments, the bio ink comprises between 50 million and 
400 million cells per milliliter. In certain embodiments, the 
bio ink comprises between 50 million and 300 million cells 
per milliliter. In certain embodiments, the bio ink comprises 
at least 1 million cells per milliliter. In certain embodiments, 
the bio ink comprises at least 10 million cells per milliliter. 
In certain embodiments, the bio ink comprises at least 50 
million cells per milliliter. In certain embodiments, the bio 
ink comprises at least 100 million cells per milliliter. In 
certain embodiments, the bio ink comprises less than 100 
million cells per milliliter. In certain embodiments, the bio 
ink comprises less than 10 million cells per milliliter. In 
certain embodiments, the bio ink comprises less than 5 
million cells per milliliter. In certain embodiments, the bio 
ink comprises less than 1 million cells per milliliter. 


[0071] In certain embodiments, the bio-ink is a viscous 
liquid. In certain embodiments, the bio-ink is a semi-solid. 
In certain embodiments, the bio-ink is a solid. In certain 
embodiments, the viscosity of the bio-ink is greater than 100 
centipoise. In certain embodiments, the viscosity of the 
bio-ink is greater than 200 centipoise. In certain embodi- 
ments, the viscosity of the bio-ink is greater than 500 
centipoise. In certain embodiments, the viscosity of the 
bio-ink is greater than 1,000 centipoise. In certain embodi- 
ments, the viscosity of the bio-ink is greater than 2,000 
centipoise. In certain embodiments, the viscosity of the 
bio-ink is greater than 5,000 centipoise. In certain embodi- 
ments, the viscosity of the bio-ink is greater than 10,000 
centipoise. In certain embodiments, the viscosity of the 
bio-ink is greater than 20,000 centipoise. In certain embodi- 
ments, the viscosity of the bio-ink is greater than 50,000 
centipoise. In certain embodiments, the viscosity of the 
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bio-ink is greater than 100,000 centipoise. In certain 
embodiments, the viscosity of the bio-ink is less than 100 
centipoise. In certain embodiments, the viscosity of the 
bio-ink is less than 200 centipoise. In certain embodiments, 
the viscosity of the bio-ink is less than 500 centipoise. In 
certain embodiments, the viscosity of the bio-ink is less than 
1,000 centipoise. In certain embodiments, the viscosity of 
the bio-ink is less than 2,000 centipoise. In certain embodi- 
ments, the viscosity of the bio-ink is less than 5,000 centi- 
poise. In certain embodiments, the viscosity of the bio-ink is 
less than 10,000 centipoise. In certain embodiments, the 
viscosity of the bio-ink is less than 20,000 centipoise. In 
certain embodiments, the viscosity of the bio-ink is less than 
50,000 centipoise. In certain embodiments, the viscosity of 
the bio-ink is less than 100,000 centipoise. 


Cell Types 


[0072] In some embodiments, any vertebrate cell is suit- 
able for inclusion in bio-ink and the three dimensional 
engineered tissues. In further embodiments, the cells are, by 
way of non-limiting examples, contractile or muscle cells 
(e.g., skeletal muscle cells, cardiomyocytes, smooth muscle 
cells, and myoblasts), connective tissue cells (e.g., bone 
cells, cartilage cells, fibroblasts, and cells differentiating into 
bone forming cells, chondrocytes, or lymph tissues), bone 
marrow cells, endothelial cells, skin cells, epithelial cells, 
breast cells, vascular cells, blood cells, lymph cells, neural 
cells, Schwann cells, gut cells, gastrointestinal cells, liver 
cells, pancreatic cells, lung cells, tracheal cells, corneal cells, 
genitourinary cells, kidney cells, reproductive cells, adipose 
cells, parenchymal cells, pericytes, mesothelial cells, 
stromal cells, undifferentiated cells (e.g., embryonic cells, 
stem cells, and progenitor cells, adult stem cells, induced 
pluripotent stem cells (iPS cells), cancer stem cells), endo- 
derm-derived cells, mesoderm-derived cells, ectoderm-de- 
rived cells, cells expressing disease associated antigen or 
associated with disease (e.g., cancer), and combinations 
thereof. In certain embodiments, the bio-ink or tissues 
comprise fibroblasts. In certain embodiments, the bio-ink or 
tissues comprise fibroblasts of dermal origin. In certain 
embodiments, the bio-ink or tissues comprise fibroblasts of 
renal origin. In certain embodiments, the bio-ink or tissues 
comprise fibroblasts of vascular origin. In certain embodi- 
ments, the bio-ink or tissues comprise endothelial cells. In 
certain embodiments, the bio-ink or tissues comprise fibro- 
blasts and endothelial cells. In certain embodiments, the 
bio-ink or tissues comprise keratinocytes. In certain embodi- 
ments, the bio-ink or tissues comprise melanocytes. In 
certain embodiments, the bio-ink or tissues comprise 
hepatocytes. In certain embodiments, the bio-ink or tissues 
comprise stellate cells. In certain embodiments, the bio-ink 
or tissues comprise epidermal cells. In certain embodiments, 
the bio-ink or tissues comprise dermal cells. In certain 
embodiments, the bio-ink or tissues comprise epithelial 
cells. In certain embodiments, the bio-ink or tissues com- 
prise renal tubular epithelial cells. In additional embodi- 
ments, the bio-inks or tissues consist essentially of a single 
cell type. In additional embodiments, the bio-inks or tissues 
consist essentially of two cell types. In additional embodi- 
ments, the bio-inks or tissues consist essentially of three cell 
types. In additional embodiments, the bio-inks or tissues 
consist essentially of four cell types. In additional embodi- 
ments, the bio-inks or tissues consist essentially of human 
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cells. In additional embodiments, the bio-inks or tissues 
consist essentially of human primary cells. 

[0073] In certain embodiments, the cells have been modi- 
fied biologically, chemically or physically. Biological modi- 
fications include genetic modifications such as transfection, 
transduction, or infection with a transgene that encodes 
wild-type, dominant negative, truncated or mutant protein. 
The transgene can also encode an miRNA, siRNA, shRNA 
or an antisense RNA. The transgene can be maintained 
transiently or stably integrated into the cellular genome. 
Transfection can be achieved by cationic lipids, calcium 
phosphate, and electroporation, or through uptake of DNA 
without a specific transfection means. The cells can be 
virally transduced with any viral vector commonly used for 
these purposes such as a retrovirus, lentivirus, adenovirus, 
adeno associated virus, or vaccinia virus. The modification 
can be chemical such as treatment with a mutagen, antibi- 
otic, antifungal, antiviral, HDAC inhibitor, chemotherapeu- 
tic, fluorescent labeling or tracking dyes, cell permanent or 
cell impermanent dyes. The modifications can be physical 
such as radiation, electromagnetic radiation, X-rays, and hot 
and cold shocks. 

[0074] In some embodiments, the cells are adult, differ- 
entiated cells. In further embodiments, “differentiated cells” 
are cells with a tissue-specific phenotype consistent with, for 
example, a muscle cell, a fibroblast, or an endothelial cell at 
the time of isolation, wherein tissue-specific phenotype (or 
the potential to display the phenotype) is maintained from 
the time of isolation to the time of use. In other embodi- 
ments, the cells are adult, non-differentiated cells. In further 
embodiments, “non-differentiated cells” are cells that do not 
have, or have lost, the definitive tissue-specific traits of for 
example, muscle cells, fibroblasts, or endothelial cells. In 
some embodiments, non-differentiated cells include stem 
cells. In further embodiments, “stem cells” are cells that 
exhibit potency and self-renewal. Stem cells include, but are 
not limited to, totipotent cells, pluripotent cells, multipotent 
cells, oligopotent cells, unipotent cells, and progenitor cells. 
In various embodiments, stem cells are embryonic stem 
cells, adult stem cells, amniotic stem cells, and induced 
pluripotent stem cells. In other embodiments, the cells are a 
mixture of adult, differentiated cells and adult, non-differ- 
entiated cells. 


Pre-Formed Scaffold 


[0075] In some embodiments, disclosed herein are engi- 
neered, tissues that are free or substantially free of any 
pre-formed scaffold. In further embodiments, “scaffold” 
refers to synthetic scaffolds such as polymer scaffolds and 
porous hydrogels, non-synthetic scaffolds such as pre- 
formed extracellular matrix layers, dead cell layers, and 
decellularized tissues, and any other type of pre-formed 
scaffold that is integral to the physical structure of the 
engineered tissue and/or organ and not removed from the 
tissue and/or organ. In still further embodiments, decellu- 
larized tissue scaffolds include decellularized native tissues 
or decellularized cellular material generated by cultured 
cells in any manner; for example, cell layers that are allowed 
to die or are decellularized, leaving behind the ECM they 
produced while living. 

[0076] In some embodiments, the engineered tissues/con- 
structs and arrays thereof do not utilize any pre-formed 
scaffold, e.g., for the formation of the tissue, any layer of the 
tissue, or formation of the tissue’s shape. As a non-limiting 
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example, the engineered tissues of the present invention do 
not utilize any pre-formed, synthetic scaffolds such as poly- 
mer scaffolds, pre-formed extracellular matrix layers, or any 
other type of pre-formed scaffold at the time of manufacture 
or at the time of use. In some embodiments, the engineered 
tissues are substantially free of any pre-formed scaffolds. In 
further embodiments, the cellular components of the tissues 
contain a detectable, but trace or trivial amount of scaffold, 
e.g., less than 2.0%, less than 1.0%, or less than 0.5% of the 
total composition. In still further embodiments, trace or 
trivial amounts of scaffold are insufficient to affect long-term 
behavior of the tissue, or array thereof, or interfere with its 
primary biological function. In additional embodiments, 
scaffold components are removed post-printing, by physical, 
chemical, or enzymatic methods, yielding an engineered 
tissue that is free or substantially-free of scaffold compo- 
nents. 


[0077] In some embodiments, the engineered tissues free, 
or substantially free, of pre-formed scaffold disclosed herein 
are in stark contrast to those developed with certain other 
methods of tissue engineering in which a scaffolding mate- 
rial is first formed, and then cells are seeded onto the 
scaffold, and subsequently the cells proliferate to fill and 
take the shape of the scaffold for example. In one aspect, the 
methods of bioprinting described herein allow production of 
viable and useful tissues that are free or substantially free of 
pre-formed scaffold. In another aspect, the cells of the 
invention are, in some embodiments, held in a desired 
three-dimensional shape using a confinement material. The 
confinement material is distinct from a scaffold at least in the 
fact that the confinement material is temporary and/or 
removable from the cells and/or tissue. 


Hypothermic Hold 


[0078] In certain embodiments, tissues are incubated or 
placed in a “hypothermic hold” at temperature below 24° C. 
for a certain time period after bioprinting. In certain embodi- 
ments, this temperature is greater than 0° C. In certain 
embodiments, this temperature is less than 24° C. In certain 
embodiments, this temperature is greater than 0° C. and less 
than 24° C. In certain embodiments, this temperature is 
greater than 0° C. and less than 20° C. In certain embodi- 
ments, this temperature is greater than 0° C. and less than 
18° C. In certain embodiments, this temperature is greater 
than 0° C. and less than 16° C. In certain embodiments, this 
temperature is greater than 0° C. and less than 14° C. In 
certain embodiments, this temperature is greater than 0° C. 
and less than 12° C. In certain embodiments, this tempera- 
ture is greater than 0° C. and less than 10° C. In certain 
embodiments, this temperature is greater than 0° C. and less 
than 8° C. In certain embodiments, this temperature is 
greater than 2° C. and less than 8° C. In certain embodi- 
ments, this temperature is greater than 2° C. and less than 
10° C. In certain embodiments, this temperature is greater 
than 2° C. and less than 12° C. In certain embodiments, this 
temperature is greater than 2° C. and less than 8° C. In 
certain embodiments, this temperature is greater than 2° C. 
and less than 14° C. In certain embodiments, this tempera- 
ture is greater than 2° C. and less than 16° C. In certain 
embodiments, this temperature is greater than 2° C. and less 
than 6° C. In certain embodiments, this temperature is about 
1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 
20, 21, 22, 23, or 24° C. 
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[0079] In certain embodiments, tissues and bio-inks are 
incubated at the hypothermic hold temperature for a certain 
amount oftime. The time period ofthis incubation can be for 
at least 0.020, 0.05, 1, 2, 3, 4, 5, 6, 7, 8, 9, or 10 seconds. 
In certain embodiments, the time period of this incubation is 
at least 10, 20, 30, 40, 50, or 60, seconds. In certain 
embodiments, the time period of this incubation is at least 1, 
2,3, 4, 5, 6,7, 8, 9, or 10 minutes. In certain embodiments, 
the time period of this incubation is at least 10, 20, 30, 40, 
50, or 60 minutes. In certain embodiments, the time period 
of this incubation is at least 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, l1, 
12, 13, 14, 15, 16, 17, or 18 hours. In certain embodiments, 
the time period of this incubation is no more than 10, 20, 30, 
40, 50, or 60, seconds. In certain embodiments, the time 
period of this incubation is no more than 1, 2, 3, 4, 5, 6, 7, 
8, 9, or 10 minutes. In certain embodiments, the time period 
of this incubation is no more than 10, 20, 30, 40, 50, or 60 
minutes. In certain embodiments, the time period of this 
incubation is no more than 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 
13, 14, 15, 16, 17, or 18 hours. 

[0080] In certain embodiments, the hypothermic hold is 
repeated. In certain embodiments, the hypothermic hold is 
repeated 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, or more times. In certain 
embodiments, the hypothermic hold is repeated 10, 20, 30, 
40, 50, 60, 70, 80, 90, or 100, or more times. In certain 
embodiments, the hypothermic hold is achieved by contact- 
ing the bio-ink to a bio-compatible liquid that is at a 
hypothermic temperature. In certain embodiments, the hold 
is achieved by contacting the bio-ink to a temperature 
controlled or “chilled” surface. 


Low Temperature Incubation 


[0081] In certain embodiments, the tissues are “matured” 
or incubated with a single low temperature of'a combination 
at a low temperatures after bioprinting. A low-temperature is 
any temperature below 37° C. In certain embodiments, this 
step is independent of the aforementioned hypothermic hold. 
In certain embodiments, this step occurs after the aforemen- 
tioned hypothermic hold. In certain embodiments, this step 
occurs without the aforementioned hypothermic hold. In 
certain embodiments, this temperature can be greater than 
18° C. but less than 37° C. In certain embodiments, this 
temperature is about 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 
34, 35, or 36° C. In certain embodiments, this temperature 
is greater than about 18° C., but less than 37° C. In certain 
embodiments, this temperature is greater than about 19° C., 
but less than 37° C. In certain embodiments, this tempera- 
ture is greater than about 20° C., but less than 37° C. In 
certain embodiments, this temperature is greater than about 
21° C., but less than 37° C. In certain embodiments, this 
temperature is greater than about 22° C., but less than 37° C. 
In certain embodiments, this temperature is greater than 
about 23° C., but less than 37° C. In certain embodiments, 
this temperature is greater than about 24° C., but less than 
37° C. In certain embodiments, this temperature is greater 
than about 18° C., but less than 36° C. In certain embodi- 
ments, this temperature is greater than about 18° C., but less 
than 35° C. In certain embodiments, this temperature is 
greater than about 18° C., but less than 34° C. In certain 
embodiments, this temperature is greater than about 18° C., 
but less than 33° C. In certain embodiments, this tempera- 
ture is greater than about 18° C., but less than 32° C. In 
certain embodiments, this temperature is greater than about 
28° C., but less than 32° C. 
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[0082] In certain embodiments, the amount of time the 
tissue is incubated is for greater than 1 hour but less than 20 
days. In certain embodiments, the amount of time the tissue 
is incubated is 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, 
16, 17, 18, 19, 20, 21, 22, 23, or 24 hours. İn certain 
embodiments, the amount of time is for 1, 2, 3, 4, 5, 6, 7, 8, 
9, 10, 11, 12, 13, 14, 15, 18, 19, or 20 days. In certain 
embodiments, the amount of time the tissue is incubated is 
for greater than 2 hours. In certain embodiments, the amount 
of time the tissue is incubated is for greater than 4 hours. In 
certain embodiments, the amount of time the tissue is 
incubated is for greater than 8 hours. In certain embodi- 
ments, the amount of time the tissue is incubated is for 
greater than 12 hours. In certain embodiments, the amount 
of time the tissue is incubated is for greater than 16 hours. 
In certain embodiments, the amount of time the tissue is 
incubated is for greater than 24 hours. In certain embodi- 
ments, the amount of time the tissue is incubated is for 
greater than 3 days. In certain embodiments, the amount of 
time the tissue is incubated is for greater than 7 days. 


Hydrogels 


[0083] In certain embodiments, the tissues fabricated by 
the methods of this disclosure utilize hydrogels, examples 
include, but are not limited to, those derived from collagen, 
hyaluronate, hyaluronan, fibrin, alginate, agarose, chitosan, 
chitin, cellulose, pectin, starch, polysaccharides, fibrinogen/ 
thrombin, fibrillin, elastin, gum, cellulose, agar, gluten, 
casein, albumin, vitronectin, tenascin, entactin/nidogen, gly- 
coproteins, glycosaminoglycans (GAGs) and proteoglycans 
which may contain for example chrondroitin sulfate, 
fibronectin, keratin sulfate, laminin, heparan sulfate proteo- 
glycan, decorin, aggrecan, perlecan and combinations 
thereof. In other embodiments, suitable hydrogels are syn- 
thetic polymers. In further embodiments, suitable hydrogels 
include those derived from poly(acrylic acid) and deriva- 
tives thereof, poly(ethylene oxide) and copolymers thereof, 
poly(vinyl alcohol), polyphosphazene, and combinations 
thereof. In various specific embodiments, hydrogel, Novo- 
Gel™, agarose, alginate, gelatin, Matrigel™, hyaluronan, 
poloxamer, peptide hydrogel, poly(isopropyl n-polyacryl- 
amide), polyethylene glycol diacrylate (PEG-DA), hydroxy- 
ethyl methacrylate, polydimethylsiloxane, polyacrylamide, 
poly(lactic acid), silicon, silk, or combinations thereof. 


Cross-Linkers 


[0084] In certain embodiments, the tissues fabricated by 
the method of the disclosure do not require any cross-linking 
to form compartmentalized tissues. In certain embodiments, 
the tissues do not require chemical cross-linking, gluteral- 
dehyde or bis-epoxide by way of non-limiting example. In 
certain embodiments, the tissues do not require cross-linking 
by ionic cross-linkers. In certain embodiments, the tissues 
do not require cross-linking by any cationic or anionic 
cross-linkers. In certain, embodiments, the tissues do not 
require cross-linking by calcium, magnesium, sodium, chlo- 
ride, alginate, or any combination thereof. In certain, 
embodiments, the tissues do not require cross-linking by 
enzymatic cross-linkers. In certain embodiments, the cells 
do not require physical cross-linking. In certain embodi- 
ments, the tissues do not require photo cross-linking. In 
certain embodiments, the tissues do not require photo cross- 
linking or, radiation cross-linking, including ultraviolet or 
visible light. 
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Low Ionic Environments 


[0085] In certain embodiments, the bioprinted tissues, 
bio-inks, and cells are exposed to divalent cationic cross- 
linking compounds such as calcium that do not exceed 
physiological levels. Physiological levels for this purpose 
are between 1 and 1.5 mM for ionic calcium, and between 
2 and 3 mM for total calcium. In certain embodiments, the 
tissues or bio-inks are exposed to more than 1, 2, 3, 4, 5, 6, 
7, 8, 9, 10 mM total calcium. In certain embodiments, the 
tissues or bio-inks are exposed to more than 5, 10, 15, 20, 25, 
30, 35, 40, 45, or 50 mM total calcium. Calcium comprises 
all ionic species of calcium including, but not limited to, 
calcium chloride or calcium phosphate. In certain embodi- 
ments, the tissues or bio-inks are not exposed to other 
divalent cationic cross-linking compounds such as stron- 
tium, magnesium, barium, or other multivalent ions that may 
include copper, aluminum, or iron. In certain embodiments, 
the tissues or bio-inks are exposed to more than 1, 2, 3, 4, 
5, 6, 7, 8, 9, or 10 mM of an ionic cross-linker. In certain 
embodiments, the tissues or bio-inks are exposed to more 
than 10, 20, 30, 40, 50, 60, 70, 80, 90, or 100 mM of an ionic 
cross-linker. 


Reductions in Apoptosis 


[0086] In certain embodiments, the bioprinted tissues fab- 
ricated by the methods of this disclosure, reduce apoptosis 
in the bioprinted tissues when compared to bioprinted tis- 
sues that are not bioprinted by the methods of this disclo- 
sure. In certain embodiments, apoptosis is reduced by 5%, 
10%, 15%, 20%, 25%, 30%, 35%, 40%, 45%, 50%, 55%, 
60%, 65%, 70%, 75%, 80%, 85%, 90%, or more. In certain 
embodiments, apoptosis is reduced by 10% or more. In 
certain embodiments, apoptosis is reduced by 25% or more. 
In certain embodiments, apoptosis is reduced by 30% or 
more. In certain embodiments, apoptosis is reduced by 50% 
or more. In certain embodiments, apoptosis is reduced by 
70% or more. In certain embodiments, apoptosis is reduced 
by 90% or more. In certain embodiments, the reduction in 
apoptosis is measured by changes in molecular markers of 
apoptosis; non-limiting examples include DNA fragmenta- 
tion, TUNEL staining, changes in activated caspase, changes 
in caspase cleavage products, changes in total caspase, 
changes in mRNA levels consistent with a reduction or 
increase in apoptosis, changes in cell surface markers of 
apoptosis (Anexin V, by way of non-limiting example). The 
changes in molecular markers can be measured by immu- 
nohistochemistry (IHC), flow cytometry, western blot, PCR 
including real-time PCR, or any homogenous caspase assay 
including ones that are commercially available. 


[0087] In certain embodiments, disclosed herein are sys- 
tems of tissues with improved viability and utility for in vitro 
and therapeutic applications. In certain embodiments, 
enclosed herein are arrays of tissues with improved viability 
and utility for in vitro and therapeutic applications. An array 
is an in vitro association of multiple tissues that allows for 
enhanced screening of compounds for potential use as 
therapeutics. In certain embodiments, the arrays or systems 
allow for at least 20 um of space between tissues. In certain 
embodiments, the array or systems allow for at least 100 um 
of space between tissues. In certain embodiments, the array 
or systems allow for at least 1000 um of space between 
tissues. In certain embodiments, the tissues for use in the 
arrays or systems are compositionally the same. In certain 
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embodiments, the tissues for use in the arrays or systems are 
compositionally different. In certain embodiments, the tis- 
sues for use in the arrays or systems are attached to a 
biocompatible surface. In certain embodiments, the tissues 
for use in the arrays or systems are anchored to a biocom- 
patible surface. Attachment can be through physical means 
or by cell-adhesion molecules coated on the biocompatible 
surface. In certain embodiments, attachment is through 
secretion of cell adhesion proteins or molecules by the cells 
that are deposited. 

[0088] The disclosure herein includes business methods. 
In some embodiments, the speed and scalability of the 
techniques and methods disclosed herein are utilized to 
design, build, and operate industrial and/or commercial 
facilities for production of engineered tissues and/or organs 
for engraftment or use in generation of cell-based tools for 
research and development, such as in vitro assays. In further 
embodiments, the engineered tissues and/or organs and 
arrays thereof are produced, stored, distributed, marketed, 
advertised, and sold as, for example, cellular arrays (e.g., 
microarrays or chips), tissue arrays (e.g., microarrays or 
chips), and kits for biological assays, high-throughput drug 
screening, toxicology and toxicity testing. In other embodi- 
ments, the engineered tissues and/or organs and arrays 
thereof are produced and utilized to conduct biological 
assays and/or drug screening as a service. In other embodi- 
ments, the business methods involve on demand bioprinting 
of tissues for use in transplantation. 


EXAMPLES 
Example 1 


Incubation Below 37° C. Improves Skin Tissue 
Formation 


Procedures 


[0089] Bio-ink was generated by a cellular mixture of 
100% primary adult human dermal fibroblasts (HDF a) in 6% 
gelatin (Novogel® 2.0) in a concentration of 150 million 
cells per milliliter. 

[0090] Three-dimensional bio-ink constructs were printed 
by continuous deposition using the Novogen Bioprinter® 
platform in a 4 mmx4 mmx0.5 mm base sheet with a 1 mm 
wall bordering the top to create a dermal structure resem- 
bling a cup. One tissue construct was printed per transwell 
in a 6 well plate. The transwell printing surface contained a 
polytetrafluoroethylene (PTFE) membrane coated with 
equimolar mixture of types I and III collagen (bovine) with 
pores 3 um in size. 

[0091] Epidermal cell paste containing a mixture of 95% 
primary adult human epidermal keratinocytes (HEKa) and 
5% primary adult human epidermal melanocytes (HEMa) 
was then printed on top of the dermal bio-ink immediately 
or between 0.020 seconds and several hours or several days. 
[0092] Cell paste was measured post print at 90.5% viable 
by trypan exclusion assay. Cell number in deposited epider- 
mal layer was estimated at 160,000 cells by cell counting on 
a Cell-O-Meter. 

[0093] Media was then added to the outer well of the 
transwell in a volume of 2 ml. The media used for subse- 
quent growth and maintenance of the skin tissue was a 
50:40:10 ratio of HDFa:HEKa:HEMa media. The volume 
added was sufficient to collect at the base of the printed 
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structure but not to submerge the structure. Media was 
changed 48 hours later and subsequently changed daily after 
that. 

[0094] Printed constructs were placed into a non-humidi- 
fied incubator at 30° C. for 5 days. This is a key step that 
enables maintenance of tissue shape for a period of matu- 
ration. After 5 days, the temperature was raised to 37° C. for 
an additional 7 days. 

[0095] At days 2, 9, and 12, constructs were either lysed 
for RNA analysis or fixed in 2% PFA for histological 
analysis. 


Results 


[0096] H&E staining of skin tissues at day 12 shows a 
distinct layered architecture (FIGS. 2 and 3). Fibroblasts in 
a dermal layer are observed at the base (purple) and differ- 
entiated keratinocytes in an epidermal layer (pink) on top. 
An unexpected finding with this approach is the extent of the 
layered architecture observed. In particular, there is a layer 
of cells with distinct morphology can be observed at the 
interface (arrows). This layer stains specifically for CK14, 
indicating that the keratinocyte cells in the deposited paste 
have arranged into a basal layer. 

[0097] Distinct layers of differentiated keratinocytes are 
visualized by simultaneously staining for a basal cell marker 
CK5 and involucrin (IVL), a later stage differentiation 
marker of granular and cornified keratinocytes. Similar to 
normal human skin, differences in morphology are seen as 
basal cells appear to have a distinct cuboidal morphology, 
while differentiated keratinocytes on top appear flatter. The 
layered architecture also includes CK10-positive spinous 
and granular keratinocytes in mid stages differentiation 
(FIG. 4). 

[0098] Although previous print methods have resulted in 
CK14 positive staining of the epidermal layer, the observed 
pattern is widespread throughout the layer and non-specific 
to a basal region at day 10. In the current approach, what is 
unexpected is that the staining is limited to a defined region 
at the base of the epidermal layer similar to native human 
skin at day 12 (FIG. 5). 

[0099] Gene expression analysis supports histological 
findings. Data shows an increase in epidermal differentiation 
markers CK1, CK10, and especially late marker FLG over 
time. Gene expression also shows that collagen 4 levels 
increase over time, suggesting formation of a basement 
membrane. Collagen I levels are maintained over the time 
course of the experiment suggesting dermal layer remains 
viable (FIG. 6). 


Example 2 


Transient Exposure at 4° C. and Incubation Below 
37° C. Improves Skin Tissue Formation 


Procedures 


[0100] Bio-ink was generated by a cellular mixture of 
100% primary adult human dermal fibroblasts (HDFa) in 8% 
gelatin (Novogel®) in a concentration of 100 million cells 
per milliliter. The cell:gelatin ratio was altered to reduce the 
cellular density of the dermal sheet to better mimic dermal 
tissue in native skin. 

[0101] Three-dimensional bio-ink constructs were printed 
by continuous deposition using the Novogen Bioprinter® 
platform in a 4 mmx4 mmx0.5 mm base sheet to create a 
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dermal structure resembling a sheet. One tissue construct 
was printed per transwell-in a 6 well plate. The transwell 
printing surface contained a polytetrafluoroethylene (PTFE) 
membrane coated with equimolar mixture of types I and III 
collagen (bovine) with pores 3 um in-size. 

[0102] Epidermal cell paste containing a mixture of 100% 
primary neonatal human epidermal keratinocytes (HEKn) 
was then printed on top of the dermal bio-ink. A separate but 
identical epidermal paste structure was simultaneously 
deposited next to the dermal sheet directly onto the transwell 
printing surface. This structure was only comprised of 
epidermal keratinocyte paste and contained no dermal tis- 
sue. 

[0103] Cell paste was measured post print at 87.1% viable 
by trypan exclusion assay. Cell number in deposited epider- 
mal layer was estimated at 60,000 cells by cell counting on 
a Cell-O-Meter. Immediately following the print, constructs 
were placed in 4° C. for 10 minutes. This is a key step to 
harden the Novogel®, which helps to maintain the printed 
shape and improve construct to construct uniformity. 
[0104] Cold media was then added to the outer well of the 
transwell in a volume of 3 ml. The media used for subse- 
quent growth and maintenance of the skin tissue was a 50:50 
ratio of HDFa:HEKn media. The initial volume added was 
sufficient to submerge the structure. All subsequent media 
changes used warmed media (30-37° C.) added to the outer 
well of the transwell and not to the inner basket. Media was 
changed 48 hours later and reduced to a volume of 1.5 ml per 
well to bring the structure to an air-liquid interface (ALI). 
Media and subsequently changed 48 hours after that (day 4) 
at a volume of 1.5 ml. On day 5, media was changed and 
further reduced to 1 ml per well and subsequently changed 
daily 

[0105] Printed constructs were placed into a non-humidi- 
fied incubator at 30° C. for 5 days. This is a key step that 
enables maintenance of tissue shape for a period of matu- 
ration. After 5 days, the temperature was raised to 37° C. for 
an additional 7 days. 

[0106] At days 0 and 12, constructs were either lysed for 
RNA analysis or fixed in 2% PFA for histological analysis. 


Results 


[0107] Subsequent histological analysis to compare epi- 
dermal layer patterning of paste that had been printed on top 
of a dermal sheet versus directly onto the transwell surface 
yielded unexpected findings (FIGS. 7A and B). H&E stain- 
ing of skin tissues at day 12 shows a distinct layered 
architecture only in structures with epidermal paste printed 
on top of a dermal layer (FIGS. 7C and D versus F and G, 
FIG. 8A). Fibroblasts in a dermal layer are observed at the 
base (purple) and differentiated keratinocytes in an epider- 
mal layer (pink) on top. In particular, there is a layer of cells 
with distinct morphology that can be observed at the inter- 
face. Distinct layers of differentiated keratinocytes are visu- 
alized by simultaneously staining for a basal cell marker 
CK5 (green) and involucrin (IVL, red), a later stage differ- 
entiation marker of granular and cornified keratinocytes 
(FIG. 7E versus H, FIG. 8B). The distinct green layer 
indicates that the keratinocyte cells in the deposited paste 
have arranged into a basal layer with a layer of more 
differentiated IVL positive cells on top. Similar to normal 
human skin, differences in morphology are seen as basal 
cells that appear to have a distinct cuboidal morphology, 
while differentiated keratinocytes on top appear flatter. 
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[0108] Staining for the proliferation marker PCNA (FIG. 
8E, green) indicates that proliferation is high in both dermal 
fibroblasts and basal layer keratinocytes but not in differen- 
tiating keratinocytes. This pattern is similar to that which is 
found in native skin. Staining for apoptosis by TUNEL (FIG. 
8F) also low showing very few positive staining cells in 
either dermal or epidermal layer. Collectively PCNA and 
TUNEL staining demonstrate that both dermal and epider- 
mal compartments of the full thickness tissue are viable at 
day 12. 

[0109] Gene expression analysis supports histological 
findings. Data shows an increase in mid epidermal differ- 
entiation markers CK1, CK10, and later markers IVL, 
Loricrin, and at day 12 compared to day 0. Gene expression 
also shows that collagen I and 4 levels are maintained over 
the time course of the experiment, while collagen 3 levels 
increase suggesting the dermal layer remains viable and 
functional (FIG. 9). 

[0110] A number of surprising results were determined 
from this; for example, that epidermal paste can stratify into 
a distinct layered architecture. Current 3D skin models rely 
on differentiation of a single keratinocyte monolayer over an 
extended period of time to achieve this. Here we show that 
stratification is possible to achieve with a paste. The thick- 
ness of the paste is greater than a monolayer where the 
monolayer is approximately 18-20 microns) and shows that 
cells can self-organize within the paste and differentiate as 
layers. Also, we show that the keratinocyte paste printed 
directly onto the transwell surface without the presence of 
dermal tissue did not organize into stratified layers. Staining 
for the same differentiation markers shows mixed expression 
with no defined layers or distinct cell morphology. This 
unexpected finding indicates that the dermal layer directs 
differentiation and/or stratification of the epidermal kera- 
tinocytes, and that there is a uniqueness to the combination 
of dermal and epidermal cells that is not present in the 
epidermal cells alone. 3) The extent of the layered architec- 
ture observed in the tissues comprised of both epidermal and 
dermal cells including the staining of the CK5-positive basal 
layer which is limited to a defined region at the base of the 
epidermal layer similar to native human skin. The layered 
architecture also includes a CK10 positive (FIG. 8C) 
spinous and granular keratinocytes in mid stages differen- 
tiation and with a morphologically distinct cornified layer of 
keratinocytes visible by H&E and Trichrome staining above 
that (FIGS. 8A and D respectively). 

[0111] A noteworthy advantage to this approach is the 
appearance of the dermal layer. H&E staining shows that the 
dermal fibroblasts do not form a thin sheet as in earlier 
examples 1 and 2, but a thicker structure. Collagen deposi- 
tion, which is a key indicator of normal fibroblast function 
in the dermis, can be seen by both trichrome staining (blue 
color) and by immunofluorescent staining for collagen 3 
(red) in between dermal cells (FIG. 8). 


Example 3 


Incubation Below 37° C. Improves Kidney Tissue 
Formation 


[0112] The interstitial layer of the renal proximal tubule 
model is composed of renal fibroblasts and HUVECs in 
Novogel®. To reduce the thickness and cellularity of the 
interstitial layer, the cell ratio was changed to 50% fibro- 
blasts/50% HUVEC the concentration of the cells was 125 
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million cells/mL. Attempts to fabricate tissues using these 
cell ratios were hampered by a propensity of the tissues to 
“ball up,” preventing the sort of thin, spread out interstitial 
layer that is ideal. To assist in maintenance of construct 
shape following bioprinting, tissues were incubated at 30° C. 
for 3 days following printing to slow the rate of Novogel® 
dissipation. 

[0113] The results show a tissue that better retains its 
overall dimensions (FIGS. 11C and D) after 30° C. incuba- 
tion, when compared to 37° C. incubation (FIGS. MA and 
B), and allows the cells to proliferate and secrete ECM to 
replace the Novogel® material as a binding agent (FIG. 
11B). Following this maturation step, tissues can be shifted 
to 37° C. for the addition of epithelial cells to the structure, 
with no loss of tissue features or viability as a result of the 
culture time at 30° C. H&E staining is shown (FIG. 12A), 
and brush borders are indicated (FIG. 13A, arrows). 
Trichrome staining indicates collagen secretion (FIGS. 12B, 
blue and 13B, arrows), and CD31 staining indicates the 
presence of HUVEC networks (FIG. 14, asterisks). Bio- 
printed tissues demonstrated y-glutamyl-transferase activity 
which increases over time in culture, which is indicative of 
a functioning epithelial layer (FIG. 15). Considering that the 
kidney is a fully internal structure normally kept at 37° C., 
it is unexpected that the culture time at 30° C. would result 
in a tissue with the desired structural and functional char- 
acteristics. 


Example 4 


Comparison of Skin Tissue Fabricated Using a 4° 
C. Hypothermic Hold and a 30° C. Incubation 


[0114] Tissues that are fabricated using the methods dis- 
closed here display quantitative and qualitative improve- 
ments. Referring to FIG. 16 skin tissue fabricated using a 4° 
C. hold with a 30° C. incubation step for 5 days exhibit 
reduced apoptosis (FIG. 16B), as indicated by TUNEL 
staining, when compared to tissue fabricated without these 
techniques (FIG. 16A). Likewise, when tissue is assayed for 
gene expression differentiation markers IVL, CK10, CK5 
and Collal are elevated in tissue fabricated using a 4° C. 
hold with a 30° C. incubation step for 5 days (FIGS. 17E, F, 
G, and H), when compared to tissue fabricated without these 
techniques (FIGS. 17A, B, C, and D). Taken together FIG. 
16 and FIG. 17 show that tissue fabricated using a hypo- 
thermic hold and incubation below 37° C. results in tissues 
with increased viability and differentiation. 


Example 5 


Incubation Below 37° C. Prevents Breakdown at 
Tissue Edges 


[0115] Liver tissues comprising primary human hepato- 
cytes, endothelial cells, and stellate cells were bioprinted 
and immediately placed in an incubator under varying 
temperatures (18.2° C., 30.2° C., 32.0° C., and 36.9° C.) and 
imaged. 

[0116] FIGS. 18A-D are photographs showing the tem- 
perature dependence of the viscosity of cellular bio-ink at 
18.2° C. (A), 30.2° C. (B), 32.0° C. (C), and 36.9” C. (D). 
Bio-ink that forms and is distinctly visible on the outer edge 
of liver tissue (clear diamond bordering the dark triangles 
indicated by an arrow) at 18.2° C. (A) is maintained at 30.2° 
C. (B). The tissue edges break down at 32.0° C. (C) and 
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completely disappear at 36.9° C. (D). Therefore, incubation 
at 36.9° C. does not produce liver tissue having the desired 
structural and functional characteristics. 

What is claimed is: 

1. A method of fabricating a three-dimensional, engi- 
neered, biological tissue, the method comprising: 

a. preparing a bio-ink comprising living cells; 

b. depositing the bio-ink onto a surface by extrusion 

bioprinting; 

c. incubating the bio-ink at a temperature of greater than 

or equal to 18° C., but less than 37° C.; 
wherein the bio-ink is not exposed to any ionic, chemical, 
photo or physical cross-linker during the incubation at a 
temperature of greater than or equal to 18° C., but less than 
37° C. 

2. The method of claim 1, wherein apoptosis in a bio- 
printed tissue is reduced by fabrication using said method, in 
comparison to an engineered tissue not fabricated by said 
method. 

3. The method of claim 1, further comprising exposing the 
bio-ink to a hypothermic hold of greater than or equal to 2° 
C., but less than 10° C. during or after bioprinting. 

4. The method of claim 3, wherein the bio-ink is not 
exposed to any ionic, chemical, photo or physical cross- 
linker during the hypothermic hold of greater than or equal 
to 2° C., but less than 10° C. during or after bioprinting. 

5. The method of claim 3, wherein apoptosis in a bio- 
printed tissue is reduced by fabrication using said method, in 
comparison to an engineered tissue not fabricated by said 
method. 

6. The method of claim 1, wherein the bio-ink further 
comprises a test substance, the test substance a substance 
under evaluation for its ability to elicit a change in a tissue 
compared to a tissue not treated with said substance. 

7. The method of claim 1, wherein the bio-ink is not 
deposited by aerosol spray technology. 

8. The method of claim 1, wherein the bio-ink consists 
essentially of a single human cell-type. 

9. A method of fabricating a three-dimensional, engi- 
neered, biological tissue, the method comprising: 

a. preparing a plurality of bio-inks comprising living 

cells; 

b. depositing a first bio-ink onto a surface by extrusion 

bioprinting; 

c. incubating the first bio-ink at a temperature of greater 

than or equal to 18° C., but less than 37° C.; 

d. depositing a second bio-ink onto a surface by extrusion 

bioprinting; and 

e. incubating the plurality of bio-inks at a temperature of 

greater than or equal to 18° C., but less than 37° C.; 
wherein the bio-ink is not exposed to any ionic, chemical, 
photo or physical cross-linker during the exposure of the 
first bio-ink, the second bio ink, or both bio-inks at a 
temperature of greater than or equal to 18” C., but less than 
31°C: 

10. The method of claim 9, wherein apoptosis in a 
bioprinted tissue is reduced by fabrication using said 
method, in comparison to an engineered tissue not fabricated 
by said method. 

11. The method of claim 9, further comprising exposing 
the first bio-ink, the second bio-ink, or both bio-inks to a 
temperature of greater than or equal to 2° C., but less than 
10° C. during or after bioprinting. 
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12. The method of claim 11, wherein the bio-ink is not 
exposed to any ionic, chemical, photo or physical cross- 
linker during the hypothermic hold of greater than or equal 
to 2° C., but less than 10° C. during or after bioprinting. 

13. The method of claim 11, wherein apoptosis in a 
bioprinted tissue is reduced by fabrication using said 
method, in comparison to an engineered tissue not fabricated 
by said method. 

14. The method of claim 9, wherein at least one of the first 
or second bio-inks or both bio-inks comprise a test sub- 
stance, wherein the test substance is a substance under 
evaluation for its ability to elicit a change in a tissue 
compared to a tissue not treated with said substance. 

15. The method of claim 9, wherein the first or second 
bio-ink is not deposited by aerosol spray technology. 

16. A three-dimensional, engineered, biological tissue, the 
tissue engineered by: 

a. preparing a bio-ink comprising living cells; 

b. depositing the bio-ink onto a surface by extrusion 

bioprinting; 

c. incubating the bio-ink at a temperature of greater than 
or equal to 18° C., but less than 37° C.; 

d. not exposing the tissue to any ionic, chemical, photo or 
physical cross-linker during the incubation at a tem- 
perature of greater than or equal to 18° C., but less than 
37° C.; and 

wherein the tissue exhibits lower levels of apoptosis than a 
tissue that has been incubated at 37° C. or above. 

17. The tissue of claim 16, wherein the bio-ink was 
exposed to a temperature of greater than or equal to 2° C., 
but less than 10° C. during or after bioprinting. 

18. The tissue of claim 17, wherein the bio-ink was not 
exposed to any ionic, chemical, photo or physical cross- 
linker during the hypothermic hold of greater than or equal 
to 2° C., but less than 10° C. during or after bioprinting. 

19. The tissue of claim 16, wherein the bio-ink further 
comprises a test substance, wherein a test substance is a 
substance under evaluation for its ability to elicit a change 
in a tissue compared to a tissue not treated with said 
substance. 

20. The tissue of claim 16, wherein the bio-ink was not 
deposited by aerosol spray technology. 

21. The tissue of claim 16, wherein the bio-ink consists 
essentially of a single human cell type. 
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22. The tissue of claim 16, wherein the tissue has no 
perfusable vasculature. 

23. The tissue of claim 16, wherein the tissue consists 
essentially of a single human cell-type. 

24. A three-dimensional, engineered, biological tissue, the 
tissue engineered by: 

a. preparing a plurality of bio-inks comprising living 

cells; 

b. depositing a first bio-ink onto a surface by extrusion 

bioprinting; 

c. incubating the first bio-ink at a temperature of greater 

than or equal to 18° C., but less than 37° C.; 

d. depositing a second bio-ink onto a surface by extrusion 

bioprinting; and 

e. incubating the plurality of bio-inks at a temperature of 

greater than or equal to 18° C., but less than 37° C.; 
f. not exposing any bio-ink to any ionic, chemical, photo 
or physical cross-linker during the exposure of the first 
bio-ink, the second bio ink, or both bio-inks at a 
temperature of greater than or equal to 18° C., but less 
than 37° C.; and 
wherein the tissue exhibits lower levels of apoptosis than a 
tissue that has been incubated at 37° C. or above. 

25. The tissue of claim 24, wherein the bio-ink was 
exposed to a temperature of greater than or equal to 2° C., 
but less than 10° C. during or after bioprinting. 

26. The tissue of claim 25, wherein the bio-ink was not 
exposed to any ionic, chemical, photo or physical cross- 
linker during the hypothermic hold of greater than or equal 
to 2° C., but less than 10° C. during or after bioprinting. 

27. The tissue of claim 24, wherein at least one of the 
plurality of bio-inks further comprises a test substance, 
wherein a test substance is a substance under evaluation for 
its ability to elicit a change in a tissue compared to a tissue 
not treated with said substance. 

28. The tissue of claim 24, wherein the first or second 
bio-ink was not deposited by aerosol spray technology. 

29. The tissue of claim 24, wherein the tissue has no 
perfusable vasculature. 

30. The tissue of claim 24, wherein the any of the first or 
second bio-inks consist essentially of a single human cell- 


type. 


